Abstract -The spectrum efficiency in a cellular radio system is affected by the data rates used in the system. High data rates may result in low spectrum efficiency if the frequency reuse is low. The spectrum efficiency may be enhanced by using adaptive modulation with carefully chosen data rates. We present an analytical method, based on a lower bound on BER, for finding the best data rates. The method results in the best code rates to be used with QPSK, 8PSK, and 16-QAM in an adaptive fashiolo. The general conclusion is that a large number of carefully chosen data rates enhances the spectrum aeiency.
I. INTRODUCTION
It is important to choose the channel coding rate carefully in a cellular radio system. This is true irrespective of the type of modulation scheme. The code rate must be chosen to allow a small cluster size, and it must also give a high throughput. These two demands axe often contrary to each other, and it is not obvious for a designer how to fhd the best code rates.
The purpose of this paper is to analytically find the best code rates in an adaptivemodulation mangement when the optimality criterion is the spectrum efficiency in Mbps/MHz/areaanit. The modulation arrangement may use one of three signalling modes consisting of alphabet sizes {4,8,16} together with code rates { % , & , R I~} . By calculating the spectrum efEciency for all combinations of modes, we can find the combination which gives the best spectrum efficiency. Switching between modes generates some signalling between transmitter and receiver, but this signalling has been neglected in this paper. However, the analysis is general and can be applied to all FDMA/TDMA cellular systems.
Many parts of the transmission system are modelled as perfect, e.g., perfect synchronization and perfect filters. The radio channel is modelled as snow and flat Rayleighi fading, and the coding arrangement is optimal in additive white Gaussian noise (AWGN). The result is an average lower bound on the clus ter size of the cellular system for a given bit error rate (BER). However, this assumes perfect channel side informakion and inkite decoding delay. It is also important to point out that the values of spectrum efficiency obtained are optimal only when the cellular system is modelled accurately.
The paper is organized as follows. It starts with an explanation of how the spectrum efficiency is calculated. After that follows a description of the cellular system model, the propagation model, and the coding arrangement. The results of the efficiencycalculation iue presented in tabular form, and are followed by conclusions. Finally, the method and the results axe discussed.
METHOD
Method for Finding Spectrum E f f iciency Spectrum efkiency in a cellular system is often defined as the total throughput in a cell-cluster divided by the cluster's total area and bandwidth [l] . This section departs with a study of the throughput in a cellular system, and arrives at a simple expression for spectruni efficiency.
Assume that the total bandwidth assigned to a cell is divided into n, channels each having a constant bandwidth 'W Hertz. A user is offered throughput &(t) at t h e t when using channel IC, and the m& mentary total throughput in a cell T',~~(t) is the sum of all user tlbroughputs,
Hence, T,,n(t) changes as each user's throughput changes. fr(rlr)-
The adaptive modulation scheme allows three differ- 
A minimum SIR, which must be fulfilled to sustain the specified BER, is also associated with each mode. These minimum signal to interference ratios are denoted SIRA, SIRB, and Sm, where SIRA SSIRB <SI&. If several modes fdfU the d e mand on BER, the mode with the highest data rate is chosen. This way the system adapts the modulation to a changing SIR.
The average throughput T(r) experienced by a mobile user on distance r from the base station is
In order to eliminate the conditioning on r, we specify a uniform customer density. The probability density function for r is
The average throughput of a cell with nc users (channels) is %ell = ncTuser. The relation between Z e l l and Z e l l ( t ) in (1) is T e l l =E[T&ii(t)], i.e., Tcell is the expected value of z e l l ( t ) OW time t. A whole cell cluster with she @ has average throughput All cells are assumed to have constant cell area C,
which is an accurate model only for a cellular system with homogeneous terrain and constant user density. The spectrum efficiency in Mbps/MHz/aremmit is now defined as
The spectrum efficiency in (8) can be simplified by excluding the cell-area C and the bandwidth W because they are independent of the cluster size and each user's data rate. The final expression for p] is thus
which is used in the rest of the paper. Expression (9) does not give absolute values of the spectrum efficiency. However, it is only the change in p] between difFerent modes which is of interest here.
The parameter remaining to be calculated in (9) is the cluster size p. A one-to-one relationship (described below) exists between the distribution of I '
and the cluster size. The position in the cell where the SIR, is lowest (on the average) is on the cell's edge. Therefore, I' on the cell's edge must not go below SIRA (SIR* GIRB <SI&) more often than specified by the outage probability Po,, . Mathematically, must be fulfilled on the cell's edge, and z = loge(r).
When both wanted signal and all interferers suf€er fading with lognormal distribution, the SIR I' has lognormal distribution, and therefore z = l%(I') has normal distribution. The mean and variance of z is the normahzed upper tail probability function for the normal distribution, The cluster size @ is a function of both m, and of gz, and , l l can thus be calculated when m, and 0 , are known.
To complete the method we need a relation between the BER and {SIR* ,SIRB ,SI%}. Such a relation is presented in section Channel Model and Coding Arrangement. Then, given the BER, the code rates in this simple model, and is chosen as a = ~/ 6 . This will &ect the outage probability less than 30%. Three group-tiers (resulting in 13 cochannel interferers) has been taken into account.
Propagation Model
The area mean power at distance r from a transmitter is described by where the propagation exponent 7 is between 3.5 and 4.0 [2] . S(r) is the average over the shadow fading, which, 138 mentioned before, is assumed to have 
Cellular System Model
The cellular system is modelled as a perfectly symmetric grid of equally sized hexagonal cells. As mentioned above, a mobile user never comes closer to the base station than bin. The Only cochannel interference is accounted for, and the interfering cochannel base stations can be geometrically arranged in so-called grouptiers. Without d e scribing the geometry in detail, we will present an expression for the positions of the interfering base stations as a function of p. The expression gives the positions of the cochannel base stations i l l h a t i n g a user when all base station antennas have 1200 lobe widths. The expression, together with supplementary information about the parameters in it, renders it possible to repeat the results in this paper.
-
The SIR'S standard deviation is often called the dB-spread when measured in dB. To imitate a GSM system as closely as possible, typical GSMparameters are adopted in order to fhd a suitable value for 0,. With outage probability Pout = 0.05, P = 9, and necessary SI&in = 9 dB in a GSM system [6], the cellular system model above gives that the dB-spread is 5.1 dB for each interferer when
The mobile user is assumed to move slowly enough for the slow fading to be virtually constant over many symbols. The s u m of interference over a symbol is modelled as AWGN, which is plausible when the number of interferers is large.
Channel Model and Coding Arrange-
The position z(n,p) of cochannel base station number n in grouptier p relative to the origin is described by using complex notation 
. (12) n = 3p,. . . ,5p-mod@,2)
when symbol 2 is transmitted. Here, Here, the angle a depends on the actual allocation of carrier frequencies in the cells, and it changes with the cluster size. However, a is assumed cwnstant c E GyIieigh (4) are complex, i.e., % , U E C, while c ER.
Although perfect chamel side information is available, the Rayleigh fading channel degrades the performance compared to an AWGN channel with constant SIR. An expression for the channel capacity 
8; 16 4,8,16
The average capacity is not a bound but an estimate of the capacity of a Rayleigh fading channel. However, the number of transmitted bits per channel access approaches CRay if the code words' length are allowed to approach infinity. Very long code words require very long decoding delays, and the decoding delay is thus unconstrained. So far, it has been assumed that the Rayleigh fading channel is memoryless. A virtually memoryless channel can be obtained by introducing large interleavers after the encoder. 
RESULTS
The analysis is divided into two cases, one where all cluster sizes p 1 1 are allowed, and one where cluster sizes are confined to 7 5 p I. 9. The first case deals with the maximum spectrum efficiency, while the second deals with the highest spectrum efficiency in existing systems. Calculated values on spectrum efficiency, optimum code rates, and cluster sizes are given in Table 1 for / 3 2 1, and in Table 2 for 7 5 / 3 5 9. It is obvious in Table 1 that the extreme coding arrangement is very robust against interference, and cluster sizes close to one results. Cluster sizes between 7 and 9 gives lower spectrum efbiency although the code rates are much higher than in the first case.
IV. CONCLUSIONS
The conclusion from Table 1 and Table 2 is that the spectrum efiiciency is enhanced when the number of modes increases. This is natural since a large number of modes allows the communication system to adapt with greater precision to the changing channel. If only a limited number of alphabet sizes can be supported, then modes which cover the SIR-range as well as possible should be chosen. For example are modes based on M = {4,16} next best to modes based on M = {4,8,16}.
Another conclusion is that a low demand on throughput on the cell's edge gives the best spectrum efficiency. The largest spectrum efficiency in Table 1 is obtained when the data rate on the cell's edge is &log2(4) = 0.36 bits per channel access, which accounts to 72 kbps with a bandwidth of 200 kHz. Such a low data rate on the edge facilitates a high throughput close to the base station, and the total spectrum efficiency benefits.
Although the throughput is part of the expression for spectrum efficiency in (9), it is not sure that a high value on spectrum efficiency gives high throughput everywhere in the cell. Additional demands on throughput must be made to guarantee a certain throughput everywhere in a cell.
V. DISCUSSION
A relevant question is if the d u e s on spectrum efficiency presented here are optimum. The answer is yea if the real cellular system is accurately modelled by the model in section Cellular System Model. The model in this paper does not consider antenna diversity or dynamic channel allocation, which will give even higher values of spectrum efficiency. Larger alphabet sizes and more than three modes will also enhance the spectrum efficiency. Optimum data rates for this type of enhanced systems needs to be analyzed separately.
It is optimistic to believe that the results on optimum data rates presented here can be applied to a practical system. Perfect channel side information, idkite decoding delay, and perfect synchronization are hard to attain. However, the impact of a nonperfect system can be accounted for by adding an implementation loss in dB to the minimum SIR.
In any case, this paper shows that optimum data rates exist in a cellular system as a consequence of the frequency reuse mechanism. It also clarifies nalling. To investigate this upper limit, the signalling protocol must be defined and an error bound for constrehed block lengths in a Rayleigh fading channel found. This is a difficult problem and is not treated here.
